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Aqueous film-forming foans (AFFFs) were developed to 
quickly extinguish hydrocarbon fuel firES at military l::a5Es, 
airports, and oil refineriES, and have boon U93d for training and 
emergency rESpOnse situations at such locations.1 While the 
prESenCe of perfluorinated surfa:;tants in AFFF hcs boon known 
for SOI'TB tii'TB, the relative importance of polyfluorinated 
compounds ha5 only fErelltly garnered significant attention. 
When released to the environment, these poly- and 
perfluoroalkyl substanCES (PFAS5) can IEEd to soil and 
groundwater contamination and sutsequent public health 
concerns due to their persistent and bioaccumulative 
nature. Hurrnn 6<pffillre to PFAS:; due to contaminated 
drinking water ha5 fErelltly bEroi'TB an arEE of particular 
concern: on May 19th of 2016, the U.S. Environrrental 
Protection Agency (EPA) issued drinking water health 
advisoriES le.tels (HALs) for two PFAS5, perfluorooctanoate 
(PFOA) and perfluorooctanESUifonate (PFOS), of 70 ng/L 
(individually or combined). ThESe HALs were issued out of 
concern that 6<pffillre to PFOS or PFOA may rESUlt in 
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de.teloprrent ett:cts, liver efi:cts, impaired immune system 
function, or canrer.13 Hu et al. EStirrnted, using the EPA's 
Unregulated Contaminant Monitoring Rule (UCMR) data, 
that 6 million people in the United StatES may have boon 
expooad to PFAS le.tels 6<creding the:e HALs,4 with SOI'TB 

evidenre to St..gJESt that AFFF relEaSES are at IEffit partly 
rESpOnsible for the widESpread contamination of drinking water 
with PFAS5. One study USEd the:e s:rre EPA data to correlate 
potential for 6<pffillre through drinking water to blood serum 
le.tels, while others have suggESted thESe HALs are not 
conservative enough. For example, Vermont hcs issued a 
Ground Water Standard for the sum of PFOA and PFOS of 20 
ng/L. 

DEspite the growing concerns about hurrnn 6<pffillre to 
PFOS and PFOA there is a lack of information on 6<pffillre to 
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Table 1. Poly- and Perfluoroalkyll Substance; (PFASs) Included in This Study 

Compound Class and Structure 
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Compound 

PfllA 
PFPeA 
PFHxA 
PFHpA 
PFOA 
PFPrS 
PFBS 
PFPeS 
PFHxS 
I'FHpS 
PFOS 
FPrSA 
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N-SPAmP
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N-SHOPAmP
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N-SHOPAmP
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Compound 

7K-l'FOS 

U-PFOS 

Formula m/z Analysisa 

C4F101. 212.9787 MS/MS 
CsF902- 262.9755 MS/MS 
C,F11o2· 312.9723 MS/MS 
C1F,Jo~· 362.9691 MS/MS 
C&l'1s02- 412.9659 MS/MS 
CJF1SOJ- 248.9456 Q-ToF 
c4F'Iso3- 298.9424 MS/MS 
CsF,,so3- 348.9393 Q-ToF 
Cc.FnS03- 398.9361 MS/MS 
C7F1sS03- 448.9329 MS/MS 
Ce:F17so3· 498.9297 MS/MS 

C;HF7NSOi 247.9616 Q-ToF 
C,HF,NSO,- 297.95g4 Q-Tof 
CsHF11NS02- 347.9552 Q-ToF 
C,l!FuNSO,- 397.9520 Q-Tof 

C',H4F9S03 326.9737 Q-Tof 

C:~H4F,3So3· 426.9674 Q-ToF 

C,H,F,NS,O; 419.9622 Q-ToF 

CsH7F 11 NS~o5• 469.9590 Q-Tof 

C:,H,FuNS,O; 519.9558 Q-Tof 

Cnll18f9N2S20s- 505.0513 Q-Tof 

CuHJsF11N2S20s- 555.0482 Q-ToF 

Q-ToF 

C12H1sF9N2S206- 521.0463 Q-ToF 

Ct4H1sFnN2S206- 621.0399 Q-ToF 

Formula m/z Analysisa 

C8F1sS04- 476.9278 Q-ToF 

Q-ToF 
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6:2 tluorohexyl sulfonyl propanoamid<J-methylpropylsulfonate 
o o e 

\ II \/ \/o 
'~'~"~"" '\ ~ 0 

6 0 
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N-SPAmP
FHxSAPS 

N-SHOl'Aml'
FHxSAHOPS 

6:2 FHxS02PA
Mcl'S 

Q-ToF 

Q-ToF 
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aMS/MS: LC-MS/MS; Q-ToF: LC-Q-ToF-MS. For there PF.AS;analyzed by LC-MS/MS, the MS/MS trarsitionsare provided in McKenzie et 
aL37 bThe position of the ketore bond appa3rs to oo variable. 0 The pa;ition of the double bond cpp:srs to oo variable. 
------------------------------------------·----------------------------·--------

and toxicity of other PFASs, particularly the polyfluorinatEd 
compounds, which often are compa;ed of perfluoroalkyl tails 
and nonfluorinated hEEd group;. It is 6<pECtEd that many of 
thEre polyfluorinated compounds can be transforrra::l, either in 
the environrrent or in humans, to the more-problerrntic 
perfluorocarboxylates (PFCAs) and perfluorosulfonates 
(PfS.6s). The full extent of PFASs pre;ent in AFFF and 
AFFF-impacted groundwater has only recently received 
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significant attention, although there is increasing 
evidence to SLgJESt that perfluoroalkyl sulfonamides (FAS6.s) 
and other polyfluoroalkyl substance; (likely chemical procur
sors to either PFCAs or PfS.6s) are commonly pre;ent in 
AFFF-impacted groundwater.6

·
25

•
26 Further, though often 

pre;ent at high concentrations, PFOA and PFOS are not 
always the most abundant PFASs in AFFF-impacted ground
waters?7 \Nhile the toxicity of PFASs other than PFOA and 
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~~~~~~~~~T~e~ch.nol~y ~ 

PFOS remains largely unexplored, some polyfluorinated 
compounds have exhibited higher toxicity than PFC~ in 
a::Juatic organisrrs?8 Moroover, PFOS-Iike chemicals have bEen 
recently detocted in AFFF-exposed firefighters,29 raising 
qUEStions about the bioa:;cumulation of PFOS-Iike PFAS5. 

When a water supply I:JErom:s contaminated with PFAS5, 
93\leral technologiES may be applied to remove the PFAS5 and 
reduce human exposure, including reverse osrna;is, nano
filtration, strong anion-exchange rESins, and sorptive removal 
via granular a:;tivated carbon (GAC)?0

-
35 The latter is 

particularly attra:;tive, as GAC has bEen widel~ l..l93d to trEEt 
contaminated drinking water for many decadES.· 6·

37 Some have 
evaluated the sorptive removal of PFOA and PFOS using 
various carbona::oous rorbents in artificially spiked deionized 
water38 or surfa:E water?1 We are not a.tvare of any studiES in 
which PFAS rorption has bEen e.raluated in systerrs containing 
polyfluorinated compounds relevant to AFFF-impacted 
groundwater, though the sorptive removal of perfluoroalkyl 
ether carboxylic ocids (PFEC~) by powdered AC in a 
contaminated surfa:E water was recently e.raluated?9 The 
polyfluorinated compounds are of interESt not only bocause of 
the limited data on their toxicity but alro bocause their 
pre:ence, in addition to the source water chemistry,40

·
41 may 

impact GAC efficocy for PFOA and PFOS removal. 
The objective of this study was to evaluate the potential for 

carbona::oous rorbents to remove a suite of PFAS5, including 
OONiy dis:;overed PFAS5, from an AFFF-impacted groundwater. 
Due to the limited quantitiES of contaminated water available 
for shipping to the laboratory (~10 L), this was achieved 
primarily through batch experiments and modeling. First, the 
rorptive removal of PFAS5 was compared for 93\leral typES of 
carbona::oous sorbents (i.e., two biochars and GAC). Then, 
equilibrium and kinetic batch data \t\/ere U93d to calibrate a 
transport model based on intraparticle diffusion-limited 
sorption kinetics to c:le:cribe sorption of a broad suite of 
AFFF-derived PFAS5 to GAC. Forward simulations were then 
evaluated for a full-s::ale GAC adsorption system to ass=:ss the 
trEEtability of the other PFAS5 relative to the more commonly 
monitored PFC~ and Pf"Sbs. Finally, a simple approach for 
predicting the brEEkthrough behavior of AFFF-derived PFAS5 
in GAC adsorption systerrs was evaluated by relating predicted 
br63kthrough timES to chromatography retention timES. Our 
rESUlts bring to light the importance of considering a broader 
suite of PFAS5 (including polyfluorinated precursors and 
PFOS-Iike PFAS5) during GAC trEEtment of AFFF-impacted 
drinking water. 

1111111111111111 

Sorbents and Groundwater. The initially screened 
sorbents were the commercially available GAC calgon 
Filtersorb300 (F300, calgon carbon Co., Pittsburgh, PA), 
pine needle (PN )-derived biochars produced at a range of 
temperaturES (150, 250, 350, 500, and 700 oc; S1 ), and 
MCG biochar (Mountain CrESt Gardens, Gropro Inc., Etna, 
CA). The high surfa:EarEE (&\)materials F300 (007 rrf/g&\) 
and MCG biochar (351 rrf/g &\) \t\/ere selected due to their 
demonstrated eft:ctivenESS for removal of stormwater trace 
organic contaminants in a pre.tious study.42 F300 (F300-
original, 0.8-1.0 mm ett:ctive particle size) was crushed and 
sie.ted into diment particle size fra:;tions (<53, 53-124, 124-
180, 180-500, and >500 1-1m). Details related to the particle 
size fra:;tions of F300 as \t\1811 as the preparation of PN biochars 
are provided in the and additional 
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propertiES of F300, MCG biochar, and PN-derived biocharsare 
reported in In this work, F300 refers to the F300-
original unlESS the particle size is included in the label (i.e., 
F300 < 53 1-1m). 

The AFFF-impacted groundwater was collocted from a 
groundwater \t\1811 at an AFFF-impacted site noor a former 
military focility in the United StatES and was stored at 4 oc until 
use. General water quality parameters measured for filtered 
(0.45 !Jm) subs:mpiES included pH (7.5), dissolved organic 
carbon (DOC, 46.0 ± 0.9 mg/L), dig;olved rnetals (Na+, Cci+, 
Mg2+, etc.), and anions (F-, Cl-, N02 -, Br-, N03-, POl-, and 
SO/-), all of which \t\/ere rn:asured using standard procedurES 
(Sievers Total Organic carbon Analyzer; ion chromatography, 
IC; and inductively coupled plasma atomic emission spectros
copy, ICP-AES, rESpeCtively; 

PFAS Identification and Quantification. Analysis of 
PFAS5 ) in the unfiltered groundwater was conducted 
via both liquid chromatography tandem rre;s spectrometry 
(LC-MS/MS; ABS:;iex API 3200) and LC-quadrupole tirre
of-flight MS (LC-QToF-MS; ABSciex 5600+). Sample 
preparation rnethods, MS/MS transitions, and calibration 
standards employed \t\/ere similar to those c:le:cribed by 
McKenzie et al.,43 with stable-isotope surrogate standards 
U93d whenever possible. For sample preparation, 1.3 ml of 
sample was transferred to a microcentrifuge tube and 
centrifuged at 16000 RCF for 15 min. A sul:s3mple (0.26 
ml) was then transferred to 2 ml aut0S31Tlpler vials containing 
0.039 ml of basic water (0.01% NH40H) and 0.13 ml of 
surrogate (in 7CJl/o rnethanol), rESUlting in a final volume of 1.3 
ml (containing 2CJl/o (V IV) rnethanol, and 230 ng/ L 
surrogatES). If nECESSary, samplES \t\/ere diluted with Milli-Q 
water when transferred to aut0S31Tlpler vials. For the LC-MS/ 
MS analysis, 1 ml samplES were directly injocted onto a 
Gemini 50 x 4.6 mm C18 column 1with 3 1-1m particle size and 
100 A pore size (Phenomenex). All PFAS5 \t\/ere measured by 
eloctrospray ionization (ESI) operated in negative mode. The 
five PFC~ and four PfSbs quantified by LC-MS/MS and 
their corrESponding surrogatES are listed in all other 
PFAS5 were mEESured using LC-QToF-MS (described 
below). Eluents for the gradient rnethod \t\/ere 10 mM 
ammonium acetate in water and 10 mM ammonium acetate 
in rnethanol, prepared using all LC-MS grade materials. 
Additional details on the instrurnents and rnethods U93d for 
LC-MS/MSand LC-QToF-MSanalysisareshown in 

The calibration curve ranged from 0.77 to ~7700 
ng/L, and peak arEE data was analyzed by MultiQuant 3.1 
software with a 1 /x2 \t\/eighting and an accuracy tolerance of 
3CJl/o for calibration curvES. Double blanks (without surrogate 
nor standards), blanks (with surrogate but not standards), and 
quality control (QC) samplES (with surrogatES and standards) 
were included in the analytical sequenceevery8-10sampiES to 
ensure minimal contamination and adequate MS performance. 
Only signals (i.e., pEEk areas) grEEter than 10 timES any 
background signals otrerved in the blanks or double blanks 
were considered a:reptable and l..l93d for subsequent data 
analysis. 

SamplES for LC-QToF-MS analysis \t\/ere similarly prepared 
and directly injocted (1 ml) onto a Gemini 100 x 3 mm C18 
column with 3 1-1m particle size and 100 A pore size, 
(Phenornenex) and measured by ESI operated in negative 
mode with a collision energy of -60 V. The compounds listed 
in as analyzed by LC-QToF-MS \t\/ere identified using 
a custom-built library in Mastervioo 1.1 roftware with a peak 
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intensity thrEShold of 1000 q::s and a minimum signal-to-noise 
ratio of 10. After the extra:;tion of candidate pESks using broad 
criteria (XIC width of 0.02 Da and retention time width of 0.9 
min), oompound identification was ~rformed by oomparison 
to the MS spoctral library, with Masterviw-generated MS 
spoctrallibrary soorES required to be grEEter than 85/100 and a 
5 ppm rre;s error tolerance of precursor ion formulre. This 
library was the rESUlt of previously clEs:;ribed PFAS disoovery 
work?5

•
29 For PFAS5 identified using this library for which no 

authentic standards were available at the time of analysis (20 of 
the 21 PFAS5 rn:asured via LC-QToF-MS), a (relative) 
semiquantitative approach was applied: the calibration curve 
was generated by diluting ditaent volurn=:s of the original 
groundwater to a final volume of 1.3 ml (oontaining 20 vol% 
methanol and 3 mg/L NH40H). For the samplES therrseiVES, 
0.7 ml was added to a final volume of 1.3 ml (oontaining 20 
vol% methanol and 3 mg/L NH40H) and oompared to this 
dilution-calibration curve for relative quantification. Addition
ally, 6:2 fluorotelomersulfonate (6:2 FtS), for which a standard 
was available, was also quantified by LC-QToF-MS (using the 
accurate rre;s of the parent ion), but standard calibration 
curVES were used for quantification in a manner identical to that 
de:cribed for the LC-MS/MS analysis. 

Batch Experiments for Sorbent Screening and 
Kinetics. Similar to the sorbent s::rrening approach Employed 
by Ulrich et al., 5 day batch sorption experiments were carried 
out to s:;reen the eight carbona:rous sorbents for PFAS 
sorptive affinity using unfiltered AFFF-impacted groundwater. 
Though equilibrium was not expected in 5 days; the intent was 
merely to oompare the relative sorptive affinity of the ditaent 
sorbents. As des:;ribed in the 
preliminary studiES were oonducted to identify an appropriate 
solid to water ratio to obtain an adequate removal ~rcentq:je of 
targeted oompounds (>10'/o) without falling below the limits of 
quantification (LOQs), which were analyte-dependent but 
typically 0.77 to 38.5 ng/L For sutmquent studiES, 
batch experiments were prepared by first adding 5 mg of a:£h 
sorbent to 50 ml polypropylene centrifuge tul::ffi. Preliminary 
rESUlts ) SLgJESted that a solid-to-liquid ratio of 5 mg 
to 50 ml was suffcient to remove WESkly sorbing PFAS5 (i.e., 
PFBS) while still allowing suffeient quantitiES of the strongly 
sorbing PFAS5 (i.e., PFOS). After purging with C02 to 
minimize bubbiES,44 50 ml of groundwater with 0.5 ml of 20 
g/L sodium azide (final NaN3 ooncentration in mixture: 200 
mg/L) was added to inactivate microbial activity (ooncen
tration chosen to minimize efi::cts on sorption acoording to 
pre.tious studiES). All experimental oonditions (time 
points, carbon da;e;, etc.) were prepared in triplicate. After 5 
days of vigorous shaking on 1 at ambient tan~ture (~22 
oc), sul:s:rnpiES were taken for LC-MS/MS and LC-QToF
MS analysis. 

For the sorbent F300, the sorbent-groundwater mixture 
(with NaN3) was shaken and sul:s:rnpled (after settling for 15 
min) at various time points for kinetic tests (2 hand 0.5, 1, 2, 3, 
5, 10, 20, and 30 days). To oompare the efi:ctiverlEffi of F300 
for sorption of the difffent PFAS5 under cla:er-to-equilibrium 
oonditions, a 20 day partition coefficient (20d-~) was 
calculated by dividing the sorbed ooncentration ( ~. determined 
by the aqueous loss method, by the aqueous 
ooncentration (Ct) for each PFAS. For PFAS5 for which 
quantitation was not possible (due to lack of authentic 
standards), the relative pESk arEE, as oppa;ed to the relative 
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ooncentration, was instEB:l used to calculate the ~ valUES 

Model Calibration. The intraparticle diffusion kinetic 
model was applied to clEs:;ribe the sorption kinetics ol:mrved 
for F300. The kinetic model input included the molecular 
weight (MW) ofa:£hoompound as well as theefktiveparticle 
radius (0.045 em), intraparticle pora;ity (0.59), and solid 
density (2.0 g/cm2) for F300 (measured or EStimated 
pre.tiously).42 The kinetic model was then calibrated to the 
kinetic data (day 30 data, which was not available for several 
oompounds, was not included to avoid potential biasES among 
PFAS5) for all PFAS5 that exhibited oonsistent kinetic profilES 
that oould be fit by the intraparticle diffusion model, acoording 
to the method clEs:;ribed by Ulrich et al. (calibrated for all 
oompounds except PFBA 6:2 FtS, N..s:>AmP-FBS<\, and N
SHOPAmP-FBS<\; details in 42

·
47 

This was carried out by (1) EStimating equilibrium ~ valUES 
(clEs:;ribed below) and then (2) using Matlab to fit the 
nonlinoor intraparticle diffusion kinetic model (with the 
equilibrium ~ as an input) by adjusting the "apparent 
tortua;ity'' to minimize the sum of &Juared rESiduals (s:R). 
While the actual tortua;ity is a physical pro~y of the sorbent 
(clEs:;ribing its pore-interoonnectivity), this apparent tortua;ity 
was used to acoount for ol:mrved difurencES among PFAS5 
(dis:;ussed later). For PFAS5 that did not appe3r to approach 
equilibrium in the kinetic experiments, an equilibrium ~ was 
EStimated with the linoorized pseudo sa::ond-order kinetic 
model (normalized to fit pEEk arEE data; 84)47

-
49 to avoid 

ambiguity from fitting multiple parameters simultaneously. It is 
important to note that this linEErized model is known to 
underEStimate equilibrium ~. particularly for system; that are 
far from equilibrium;'JO thus, rESUlts should be interpreted with 
this potential bias in mind. 

Full-Scale System Simulations. Forward predictions were 
carried out to simulate a GAC adsorption systEm treating 
AFFF-impacted water identical in size and o~tion to a 
systEm that was monitored for PFAS brookthrough in a 
pre.tious study30 to oonfirm that the predicted bed volurn=:s to 
breakthrough (BV8T) were on the same order of magnitude as 
pre.tiously ol:mrved valUES. The simulated systEm oonsisted of a 
pair of 28.5 m3 Vffi'Bis o~rating in seriES at 1.5 m3/min, each 
oontaining 2.7 m of GAC (the model was calibrated for F300, 
but Galgon F600 was used in the actual systEm) with an Empty
bed oontact time (EBCT) of 13 min (26 min EBCT overall). 
The calibrated transport model clEs:;ribing sorption-retarded, 
intraparticle diffusion-limited transport of the PFAS5 in a GAC 
bed was applied as clEs:;ribed by Ulrich et al. 2015 (adapted 
from a model originally de:cribed by Werner et al. 2012; 338 

the for additional details).42
•
51 To 

~ importance of intraparticle diffusion limitations, 
breakthrough predictions were oompared to tha:e from the 
transport model when it was simplified to assume localized 
sorption equilibrium. Furthermore, a dimensionlESS number 
repre:enting the ratio betwEen advective travel time and 
diffusion time was calculated for each PFAS (i.e., diffusion 
limitations are expected if the "Peclet number" calculated by 

is grEEter than 1 ).51
•
52 

1111111111111111 

Sorbent Screening. For initial s:;reening experiments to 
~the relative removal ~ormance among all evaluated 
sorbents and particle siZES, aqueous PFAS ooncentrations after 
5 days of equilibration were measured and oompared. Exanple 
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rESUlts for PFOA and PFOS are reported in as thEse 
PFAS5 were pr€9311t at the highEst conrentrations among their 

4.0 

3.5 

2.0 

Figure 1. Logarithmic aqueous PFOA and PFOS concentratiors (log 
c,) after 5 days of equilibration with F300 GAC (at varying p3rticle 
size fra::tiors), MCG-biochar, and PN-biochar (produced at various 
temperatures). 

re;pective structural classES in this AFFF-impacted water supply 
(~11 000 and ~33000 ng/L, respectively; As 
depicted in the sorptive removal of PFOA and PFOS 
after 5 days Equilibration was quite variable among the 
sorbents. DEspite the higher initial conrentration of PFOS as 
compared to PFOA, lower PFOS conrentrations were ol:mrved 
after 5 days of Equilibration for rTlffit CESES in which adsorptive 
removal was ol:mrved. This indicatES a higher sorptive affinity 
for PFOS, as has teen ol:mrved pre.tiously for carbona:rous 
sorbents.9

•
30

•
40 A particle size eftlct was also e.tident for F300: 

finer particle siZES demonstrated grESter removal of PFOS and 
PFOA after 5 days of Equilibration. This potentially indicatES 
intraparticle sorption limitations, particularly for larger particle 
siZES.53 Overall, thEse rESUlts indicated that F300 and MCG
biochar were much more eftlctive for removal of PFOA and 
PFOS from groundwater than PN-derived biochars. This was 
likely due to the materials' higher S<\ ) as well as the 
superior ability of their more aromatic surfa:l:s to sorb the 
PFAS5 via hydrophobic interactions.42

•
54 The good perform

ance of MCG-biochar is notable, as it indicatES that high-&\ 
biochars could potentially s:lrve as alternatiVES to GAC. 
However, as biochar propertiES are more widely variable than 
th033 of commercially available GACs, subs:lquent kinetic 
modeling efbrts fOCUS3d on F300. 

20 Day~ Values for Sorption to F300. shows a 
comparison of the 20 day log ~ values for sorption of the 
analyzed PFAS5 onto F300. PFHpS and PFOS showed the 
highESt ~values among the analyzed PFAS5, with all of the 
newly discovered PFAS5 demonstrating lower ~ values. As has 
teen ol:mrved pre.tiously for the PFCAs and PfS.6.s,3

·
40 an 

incra:se in perfluoroalkyl chain length generally rESUlted in 
incrEaSES in the 20 day log Kd values for PFAS classES with 
simple head groups (i.e., PFCAs, PfS.6.s, FTS5, and F,ast>,s; 
FigurES and However, this trend is lESS cloor for PFAS 
classES with more-complex head groups. For EOO:rnple, longer
chained homologues among the N-sulfopropyl dimethylamrno
niopropyl perfluoroalkanES.JifonamidES (N-SPAmP-F,ASt>,s) 
and the N-sulfohydroxypropyl dimethylamnoniopropyl per-
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Figure 2. 20 day log ~ for sorption of the analyzed PFASs onto F300-
original. The stars denote PFASs with a six-<:arbon perfluoroalkyl 
moiety (i.e., F-(CF2kR). S:e for tabulated data. Note: 
The 10 day log ~ is displayed for 6:2 FHxSOpA- MeFS ta::a..re its 
pEEk ares Wffi not dis::ernible from ba::kground after 20 days of 
equilibration. 

fluoroalkanES.JifonamidES (N-SHOPAmP-F,ASt>,s) are more 
strongly sorbed than their shorter-chained counterparts, 
whe!'Effi an incra:se in perfluoroalkyl chain length for the 
homologues among the N-sulfopropyl perfluoroalkanES.Jifona
midES (N-SP-F,ast.,s) did not lffid to inerESS3d sorption 
(Figure; and ScJrn:mhat surprisingly, if PFAS5 with a 
perfluorohexyl moiety are compared, 6:2 FtS demonstrated the 
highESt 20 day log ~value, dESpite the foct that many of the 
other C6-bas:ld PFAS5 have much larger head groups. The 
calculated ~ values for thEse polyfluorinated compounds 
suggESts that for a given perfluoroalkyl tail length, there is not a 
high dEgree of variability among the PFAS5 EOO:rnined here with 
respect to their sorptive affinity for F300, at lEaSt over 20 days. 
This is likely a rESUlt of the competing eftlcts of higher MW 
hEEd groups that also contain polar or charged functional 
groups. 

A pair of PFOS-Iike PFAS5 were also ol:mrved in the AFFF
impacted groundwater and were removed, to some extent, by 
F300. Both ui1S3turated PFOS (U-PFOS) and a ketone 
derivative (7K-PFOS; structure; shown in ) have 
teen detected in AFFF or AFFF-impacted groundwater, 
prESUmably as impuritiES in the AFFF production prOCESS_2t> 
Both PFOS-Iike compounds exhibit lower 20 day log~ values 
as compared to PFOS indicating a WEEker sorption 
onto the F300. This is particularly important, as the 
bioa:;cumulation potential and toxicity of thEse PFOS-Iike 
compounds is unknown; their mere pre;ence in AFFF
impacted groundwater suggESts they exhibit some persistence 
once rela:sed to the environment 

Kinetics for Sorption to F300. Aqueous conrentrations of 
PFAS5 generally decrESS3d over 30 days of contoct with F300 
(reprESentative rESUlts in complete rESUlts in Figure:; 
S3 3a compare; the kinetics of perfluorobutyl
bas:ld (i.e., F-(CF2 )4-R) and perfluorohexyl-bas:ld PFCAs, 
PfS.6.s, and F,ast.,s. PFPeAand N-SHOPAmP-FBS.<\ were the 
most obvious exceptions to the trend of decreasing 
concentrations over time, with significant concentration 
incrEaSES ooing ol:mrved after 20 and 5 days, respectively 
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---------------------------------------------- -------------------- ·-·----

It is uncloor whether this behavior Wffi C8U93CI by 
competition-indured dESOrption, formation from a procursor 
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due to f"S:£tion with NaN3, or a combination of both proa:sse;. 
Importantly, the kinetic profilES ol:mrvEd for many of the 
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perfluorohexyl-l::e:ed procursors were very similar 38), 
with the notably faster kineti<S ol:rerved for 6:2 FHxSO:PA
MePS. Though it is one of the larger PFAS5 ), 6:2 
FHxS02PA-MePS is similar in size (and general structure) to 
N-SHOPAmP-FHxS<\, which followed the kinetic profile of 
the other perfluorohexyl-l::e:ed PFAS5. However, the 3 day~ 
value (6.5 ± 0.5 x 1Q'I L/kg) of6:2 FHxSO:PA-MePS is much 
higher than even that of PFOS (2.4 ± 0.2 x 1Q'I L/kg). It is 
pDffiible that the highly polarizable amide group unique to 6:2 
FHxSO:PA-MePS brought about its superior sorptive affinity. 
Faster sorption rates were ol:rerved with smaller particle sizes 

3C shows example behavior for PFOS), potentially 
indicating intraparticle diffusion limitations, a:; compounds 
must difti..Js:l further into larger particles to a::a:ss intraparticle 
sorption sites. 

Kinetic Model Galibration. The intraparticle diffusion 
kinetic model wa:; in good q:Jrrerrent with the kinetic data, a:; 
the root-rrm1-square error (RMS:::) ootwren otrerved and 
predicted C/C0 wa:; less than 0.03 for all compounds 

Banples of model fits for the FflS/ls are shown in 
3D. Better fits (lower RMS::: valUES) were obtained for the 
shorter chain compounds (e.g., ootter fits to FPrS.<\ and FBS.<\ 
than FPeS.<\ and FHxS<\ in 3D). This may have bEen 
due to more-pronounced nonlinoor sorption eft:lcts for larger 
compounds, causing the outermost GAC sorption sites to 
becor"rB more rele.tant a:; the outer aqueous PFAS concen
trations decra:sed over tii'TB. As 6<peeted, the calibrated 
equilibrium ~ valUES generally incra:sed with MW 
4A). InterEStingly, the polyfluorinated compounds not 
show a:; strong of a dependence on MW a:; did the PFCAs, 
PFS6s, and FflS/ls, potentially OOcal.lse their bulkier h63d 
groups contained polar moieties or caused increased steric 
eft:lcts.56 Apparent tortuosity for most PFAS5 ranged ootwren 1 
and 14 and wa:; generally more variable for larger compounds 

This could potentially oo due to several 
phenOI'TBna, including experimental error, molecular sieJing 
eft:lcts (i.e., dimenoES in pore a::a:ssibility), or nonlinoor 
sorption causing PFAS uptake rates to change over tii'TB. 7K
PFOS and 6:2 FHxSO;PA-MePS showed exceptionally fest 
kineti<S, with apparent tortuosity valUES less than 0.5. As 
tortuosity valUES less than 1 conflict with cla:;sical diffusion 
theory, thESe compounds may have not fully difti..tsEd into the 
innermost sorption sites, potentially due to the existence of a 
branched network of micropores and macroporES. Further
more, a:; thESe compounds contain polarizable amide (6:2 
FHxS02PA-MePS) or ketone (7K-PFOS) groups that 
enhance their sorptive affinity for carbonaceous surfa:l:s, they 
may have outcompeted other PFAS5 or DOC molecules for the 
outermost sorption sites. 

Full-Scale System Simulations. The results of the 
intraparticle diffusion-limited transport model simulations for 
the predicted BV8T for m:;h PFAS in a GAC adsorption system 
are shown in 48 (BV8T predicted by localized 
equilibrium model is shown in and brESkthrough 
curvES are shown in Considering that a 
prENious study ol:rerved PFOS brookthrough in an octual full
scale GAC filtration system at approximately 60 000 BVs (from 
which the dimensions and conditions were selected for the 
simulations in this study), the BV8T valUES predicted by the 
intraparticle diffusion-limited transport model (PFOS BV8T of 
approximately 80000), were considerably closer to ol:rerved 
valUES than those predicted by the localized equilibrium 
transport model (PFOS BV8T of approximately 400000). 
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While the model predicted oorlier BV8T valUES than otrerved in 
the same study for less strongly sorbed PFASs (i.e., 
approximately 15 000 BV8T and 3600 BV8T predicted for 
PFOA and PFHxA, rESpeCtively, versus approximately 30 000 
BV8T in the full-scale system), the predictions ooing within an 
order of mq:Jnitude of the field-rra:sured valUES is notable, a:; 
the octual system contained a difurent GAC and wa:; treating 
difurent water (with difurent levels of PFAS5, diferent DOC, 
etc.). In particular, higher DOC levels may result in slower 
sorption kineti<S and lower equilibrium ~ vaiUES,42 making a 
comparison of results obtained from difurent waters difficult. 
NeJertheless, the similarity ootween the octual breakthrough in 
a full-scale system and the brESkthrough simulated with 
intraparticle diffusion-limited transport model suggESts the 
model may occurately capture kinetic and sorptive behavior of 
PFAS5 in GAC systems. 

DESpite the apparently strong kinetic sorption eft:lcts under 
the simulated operating conditions, both the intraparticle 
diffusion-limited model and the local equilibrium model 
predicted very similar PFAS brESkthrough orders. 7K-PFOS 
and 6:2 FHxSO:PA-MePS were exceptions, a:; the diffusion
limited model predicted thESe compounds to oo later in the 
breakthrough order than the equilibrium model. This is likely 
00cause diffusion limitations were less significant for thESe 
PFAS5 for the simulated operating conditions, a:; they were the 
only compounds with Peclet num001S above 1 (3.5 and 7.6 for 
7K-PFOSand 6:2 FHxSO;PA-MePS, rESpeCtively; 
As both models predicted similar brESkthrough orders dESpite 
strong kinetic limitations, the relative affinity of the various 
PFAS5 for GAC may adequately indicate brESkthrough order 
when kinetic tESts or column tESts are not pDffiible. 

It is important to note that competition for sorption sites 
(ootween PFAS5, a:; well a:; PFAS5 and DOC) may afect 
breakthrough behavior diferently in octual systems than is 
predicted by the model. For example, a prENiousstudy using the 
sarTB model found that batch calibration experiments at higher 
DOC levels provided ootter predictions for ol:rerved brESk
through behavior in column verification experiments, 1 suggESt
ing that continuous loading with DOC may IESd to grESter 
fouling eft:lcts that are not described in the model. 
Furthermore, smaller compounds may initially appoor to oo 
more strongly retained OOcal.lse they rca:;h portions of virgin 
carbon before DOC or larger PFAS5, making them susceptible 
to remobilization over tii'TB. Therefore, while the forward
modeling approoch used here providES useful qualitative 
insight, pilot-scale column verification experiments should oo 
conducted if sufficient water quantities are available. 

Predicting Removal for Newly Discovered PFASs. 
While the results discussed above indicate that SOI'TB 

polyfluorinated compounds and PFOS-Iike PFAS5 may oo 
removed less efectively than PFOS and PFOA during GAC 
adsorption, efbrts to charocterize their removal are (currently) 
limited. This is largely drn to the absence of commercial 
standards, although the detection and identification of thESe 
compounds requires sophisticated instrumentation that is not 
(yet) widely available. For thESe reasons, it would l:e useful to 
relate predicted PFAS removal to more rESdily ol:rervable 
properties, particularly a:; it appoors that MW is not a good 
indicator of brESkthrough behavior. Thus, in an efbrt to enable 
simplified predictions for removal of all PFAS5 pre:ent, we 
exanined the ability of retention tii'TB on our analytical C18 
column (RT c18 ) to predict a compound's brESkthrough 
behavior (similar to using relative chromatographic retention 
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to predict a partition ooefficient'il), as we expect RT c18 to 
mimic, to SOI'TB extent, the Vc3l1 der W8als interoctions betwEen 
the solute and sorbent (C18 versus F300) as well as kinetic 
efi::cts 6<perienced during transport. 

To this end, lillEEf regi'Effiions were e.taluated for RT c18 
versus the calibrated equilibrium ~valUES 5A) as well 
as BV8T valUES predicted by the diffusion-limited transport 
model 58). RT c18 appa3red to be a much-better 
indicator of equilibrium ~ and BV8T than MW, potentially 
l::le:a..ts:l the steric efi::cts of the bulky hEa:l groups on the 
polyfluorinated compounds could be better taken into a:;count. 
Moreover, the linEEr relationship with RT c18 apfJESred to be 
better for BV8T than for equilibrium ~,suggESting that RT c18 
may also a:;count for kinetic transport efi::cts, at least to some 
degree. Importantly, however, improved regressions for 
equilibrium ~ and BV8T versus MW (rather than RT c18 ) 

may be obtained among the PFC~, PfS6.s, and Ffl.Slls (i.e., 
FigurES S8). Overall, thEse results suggESt that linEEr 
relationships with RT c18 may provide an ocreptable and 
relatively simple I'TBthod to predict relative GAC sorption 
affinity and brEEkthrough behavior for the broader suite of 
AFFF-derived PFAS5. 

1111111111111111. 

Trends in model predictions among the difurent PFAS5 bring 
to light SOI'TB interESting, although not entirely unexpected, 
implications. An ESpeCially important ol:mrvation is that many 
shorter-chain but also polyfluorinated compounds were 
predicted to break through GAC sorption system5 before 
PFOA and PFOS by thot..s:mds of bed volum:s for SOI'TB 
compounds. While the oorlier brEEkthrough of shorter-chain 
PFC~ and PfS6.s has been well-documented?0 very I ittle data 
are available for polyfluorinated compounds and PFOS-Iike 
compounds. This is generally more of a conrern for the 
polyfluorinated compounds and the PFOS-Iike PFAS5 (U
PFOS and 7K-PFOS) than the shorter-chain PFC~ and 
PfS6.s, as the shorter-chain PFC~ and PfS6.s tend to be less 
bioa:;cumulative, though toxicity data are still very much locking 
for all of thEse chernicals.'i8 ThEse findings may only scratch the 
surfcre of the potential risks a59JCiated with thEse newly 
dis:;overed polyfluorinated precursors and PFOS-Iike PFAS5: it 
is quite pa;sible that SOI'TB of thEse chemicals are widely 
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pre;ent in AFFF-impa:;ted groundwater intended for human 
consumption, yet their toxicity, octual conrentration, and 
potential for bioaccumulation remains largely unknown. 
Fortunately, the data prESented here suggESt that there may 
be appropriate control measurES to reduce the potential 
exposure of populations consuming AFFF-impa:;ted drinking 
water. GAC is a commonly employed and, when employed 
correctly, efi::ctive trEEtment technology for communitiES 
impa:;ted by PFAS-contaminated drinking water, although 
alternative drinking water trEEtment technologiES such as 
i'TBmbranES may be more efi::ctive for the broader suite of 
PFAS5. In thecaxs in which GAC treatment isadvantaJeous 
from a cost or operational perspective, the shorter-chain and 
easily measurable PFAS5 such as PFBA rather than PFOS or 
PFOA could be monitored to inform the potential for 
brookthrough of thESe shorter-chain PFASs as well as 
polyfluorinated and PFOS-Iike PFAS5. Though not without 
significant additional cost, the change-out of GAC based on 
shorter-chain PFAS5 could ensure greater protection from 
potential exposure to PFAS5 as a whole, including the newly 
dis:;overed polyfluorinated precursors and PFOS-Iike PFAS5 of 
unknown conrentration, bioaccumulation potential, and 
toxicity. 
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